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Abstract. The resting potassium current) in gerbil  Eatock, 1998). Type Il hair cells, juxtaposed to support-
dissociated type | vestibular hair cells has been charadng cells, are contacted by afferent and efferent bouton
terized under various ionic conditions in whole cell volt- endings. Type | hair cells in contrast are surrounded by
age-clamp. When all Kin the patch electrode solution a cup-shape afferent nerve calyx and receive no direct
was replaced with Na (Na'),, or Cs,, (Cs),, large efferent innervation, although efferent fibers make syn-
inward currents were evoked in response to voltage stepaptic contact with the outer faces of calyces. In addition
between —90 and —-50 mV. Activation of these currentsthere are significant differences between the membrane
could be described by a Hodgkin-Huxley-type kinetic properties of type | and type Il hair cells. These obser-
scheme, the order of best fit increasing with depolarizavations suggest that the two cell types play distinct roles
tion. Above 0-40 mV currents became outward and in the processing of vestibular signals.

inactivated with a monoexponential time course. Mem-  All mature type | cells have a low-voltage activated
brane resistance was inversely correlated with externalelayed rectifier K conductance,, or I, (Rennie &

K™ concentration. With (N9;,, currents were elimi- Correia, 1994; Rech & Eatock, 1998, Ricci, Rennie &
nated when K was removed from the external solution Correia, 1996). It activates at potentials between —100
or following extracellular perfusion of 4-aminopyridine, and —80 mV and is typically about 50% activated at the
indicating that currents flowed through, channels. zero-current potential, which in gerbil type | hair cells is
Also, reduction of K entry through manipulation of close to =70 mV (Rennie & Correia, 1994). The pres-
membrane potential reduced the magnitude of the outence of this conductance confers upon type | hair cells a
ward current. Under symmetrical G0 K* conditions  low input resistance. Additional Kconductances have
I, is highly permeable to Cs However, inward cur- also been reported in these cells. At potentials above
rents were reduced when small amounts of exterrial K approximately -55 mV, a second delayed rectifier cur-
were added. Higher concentrations of Kesulted in  rent is present in type | hair cells of the neonatal mouse
larger currents indicating an anomalous mole fractionutricle (Risch & Eatock, 1998 Rusch et al., 1998).

effect in mixtures of external Csand K'. In gerbil semicircular canal hair cells, a calcium-
o . ) dependent K current is present abovieé-40 mV (Ren-
Key words: Semicircular canal — Utricle — Gerbil — pje & Correia, 1994). Since both conductances are ac-
Potassium channel — Anomalous mole fraction tive at potentials far depolarized from rest, their physi-
ological significance remains unclear. Two classes of
Introduction inward rectifier channel have also been identified in the

mouse utricle (Rsch et al., 1998). Howevel, is the

In the vestibular end organs of higher vertebrates thergominant resting conductance and it is predicted to allow
are two types of sensory hair cell, namely type | and typ&y e | cells to respond rapidly and with a low sensitivity

II. Properties that distinguish the two hair cell types in- 4 yransduction signals. Variations in the magnitude of
clude their innervation and cellular morphology (Wer- I, have led to suggestions that this current may be sub-

sdl, 1956; Ricci et al., 199a,b; Rusch, Lysakowski &  jact to physiological modulation and recently, in rat

vestibular hair cells has been shown to be under second
- messenger control via a cGMP-mediated pathway (Beh-
Correspondence tK.J. Rennie rend et al., 1997).
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K* ions are involved in a number of roles in hair cell use. Electrode solutions contained the following: $olution (K");,

function; they are the main charge carriers of the trans{total K 152 ma, pH 7.4 with KOH): (in mv) KF (110), KCI (15),

duction current and many of the basolateral conducNaC! (). HEPES (10p-glucose (3), MgGJ(1.8) and EGTA (10). Na

. . . 4 . solution (N&);, (total Na” 137 nmm, pH 7.4 with NaOH): NaF (110),
tances found in different hair cells are” iselective (for |\ cpeq (10)p-glucose (3), MgGJ (1.8) and EGTA (10). Cssolution

review seeCorreia, Ricci & Rennie, 1996). In the case cg), (total C¢ 150 mv, pH 7.4 with NaOH): CsF (150), HEPES
of type | hair cells, a combination of the restricted inter- (10), o-glucose (3), MgCJ (1.8) and EGTA (11). The osmolality of
cellular space between the type | hair cell and its calyxntracellular solutions was brought to 300-315 mmol/kgOHwith
and the large size of,, may result in K levels that sucrose. Normal extracellular solution was (immNacCl (155), KCI

change by several millimolar during natural stimulation (). M3Ck (1.8), CaC} (1.1), HEPES (10) and-glucose (3), pH to 7.4
(Goldberg 1998 b) with NaOH. In experiments where the external Koncentration

[K*]out Was increased, equimolar amounts of a Cs”™ were replaced

The purpose of this StUdy was to Investigate thewith K*. Chemicals were purchased from Sigma, except for 4-amino-

permeation properties of the type | hair cgl|] conduc-  pyridine which was from Fluka. Solution exchange was via whole bath
tance under various ionic conditions. An examination ofperfusion or gravity-fed local perfusion from an array of flow pipes
the permeation properties of this channel should providelaced00 wm from the cell under study.

insight not only into its functional capabilities, but also Experiments were performed at room temperati22(C). The

into its molecular structure. We show that even whén K patch-clamp setup included an Axopatch 1C patch amplifier connected
) 0 a PC through an AD converter (CED 1401, Cambridge Electronic

|qn_s ar? absent from the patch electrode solution, Ia‘rg%esign). Data were acquired and analyzed using CED Patch and Volt-
b|d'reCt'0naI_ _Curre_ms are seen under whole cell patChége Clamp software (v 6). Signals were filtered online at 5 kHz. Elec-
clamp conditions in the presence of externdl Kn ex-  trode resistance was typically 0.5-2/@. The series resistance was
ternal solutions of different mixtures of'Kand C§ a 4.1+ 3.1mQ (n = 125, mean sp) and was electronically compen-
mole fraction effect is seen indicating that the channel issated up to 80% during recordings. Remaining voltage errors due to
a multi-ion pore. uncompensated series resistance were estimated from peak current val-
ues and corrected for offline. For the largest currents recorded, the true
voltage could potentially vary by as much as 5 mV during a voltage
step. Voltages were also corrected for liquid junction potentials. Mean
cell capacitance was 3.0 + 1.2 pir £ 125). Leakage subtraction was
not performed unless stated.

Materials and Methods

CELL ISOLATION

Type | hair cells were extracted from the semicircular canals andDATA ANALYSIS

utn_cles of qugollan ger_blls usmg_modlflcatlons _Of pr_ev!ously de_- Cellular membrane resistance was estimated in voltage clamp using the
scribed techniques (Rennie & Correia, 1994; Rennie, Ricci & Corre'a’following protocol. The cell was held at or close to ~70 mV, sifige

t199§). iglmallls( wgre dezptlr)]/ anesthbetlzed (l\:etranbgttc:]l 40 mg/kg 'p‘dkg'is approximately 50% activated at this potential (Rennie & Correia,
amine mg/kg im) and the membranous labyrinth was expose ¥L994). Brief pulses (40 msec duration) in increments of 2.5 mV were

breaking thrqugh the bullae and bony Iabyrlr'nh. The semicircular _C‘,"l-applied to step the membrane potential between -80 and -50 mV.
nals and utricle were carefully removed using fine forceps and iris

scissors and were immersed in a chilled high?figw C&* solution The contribution of other conductances at these potentials is minimal
Renni ia, 1994; Raeh & E k, 1 . Th -
containing (in n): NaCl (135), KCI (5), MgC} (10), CaCj (0.02),  (~ennie & Correia, 1994; Fich & Eatock, 1998). The current am

- . plitude was measured at <2 msec into each pulse and the slope of the
NaHZHPO“ (2.)’ NaHPO, .(8) ando-glucose (3). Animals were decap|-‘ V-1 relation was fitted by linear regression (Sigmaplot, least squares
tated immediately following end organ removal. The crista ampullansmethod)_ In Fig. ® slope conductance was estimated from the current
was trimmed from surrounding tissue and the otolithic membrane Was, | itad in response to a voltage ramp where the cell was held at or
removed from the utricle. Tissue was then left for 30—35 minutes in theCIOSe to 70 mV and the voltage was ramped at 1 mV/msec to poten-
high Mg?*/low Ce&"* solution at 37°C. No enzymes were used in the tials between -90 and —20 mV
dissociation process. Epithelia were transferred to Leibovitz’'s L-15 The activation of inward c.urrents was fitted with the following
medium (Life Technologies) containing bovine albumin (1 mg/ml), for equation:
a minimum of 50 min at room temperature. Individual end organs were
then transferred to a small volume of extracellular solution, placed inX — A+B(L-e")n 1
the recording chamber and hair cells were mechanically dissociated by
drawing a probe across the surface of the epithelium. Cells were the%hereA is offset,B is magnitudet is time, 7 is the time constant and
left for 10-20 min to settle to the bottom of the recording chamber. nis the order.
Isolated type | hair cells were visually identified by previously estab-
lished morphometric criteria, i.e., a neck to cuticular plate ratio <0.70

and a neck to body ratio <0.58 (Ricci et al., 1897 Results

RECORDING CONDITIONS K* CurRRENTS INTYPE | HAIR CELLS

Electrodes were pulled from Corning 8161 glass (World Precision In- _,
struments and Warner Instrument) on a Sutter Instruments microelec'—qglure 1A shows the_WhOIe cell currents reco_rded _from
trode Puller (P-87), fire polished on a microforge (Narashige MF 83)an isolated type | hair cell when'Kvas the main cation
and coated with silicone elastomer (Sylgard, Dow Corning) just prior toin the patch electrode solution and 1&i{* was present
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Fig. 1. A large potassium conductance is active at
rest in type | hair cells. Whole cell currents with

K™ ny a@s the electrode solution and 1Garik* in

the external solution.A) Type | hair cell was held
at —103 mV and stepped to the potentials in mV
indicated to the right of current records.
Inactivation of the outward currents followed a
monoexponential time course. Fits to the raw data
are indicated by the open triangles. Inactivation
time constants with increasing depolarization were
0.6, 0.52, 0.48 and 0.46 se®)(Activation of the
inward currents was fit with Eq. 1. Best fits are
shown by the open circles, every 10th point shown.
The step to —86 mV was best fit with an order of 1
0.2s and other steps were best fit with= 2.

externally. The cell was held at —103 mV and steppedivation of inward currents was fitted with Eq. 1 varying
through a range of depolarized potentials. At —-86 mV athe order between 1 and 4 (open circles, Fig). 1At the
slowly developing inward current is seen. Progressivelymost hyperpolarized potentials an order of 1 produced
larger depolarizations elicit large inward and then out-the best fit, but as the depolarizations increased so did the
ward currents. The inactivation of outward currentsorder of the best fit (Fig. B).

could be fit with a single exponential (open triangles).

The currents between -50 and —100 mV have previously

been shown to be carried through a low-voltage activatedNTRACELLULAR Na" Does NoT BLock K™ CURRENTS IN
delayed rectifier and give rise to the low input resistancel YPE | HAIR CELLS

typical of type | hair cells (Rennie & Correia, 1994,

Riusch & Eatock, 1998). The activation of the outward To further investigate inward currents carried through
currents has been described previously and in pigeoh,,, K in the electrode solution was replaced with*Na
type | hair cells was fit by a Hodgkin-Huxley type kinetic With 5 mm K* present externally, large currents were
scheme with an order of 1 (Ricci et al., 1996). The ac-still observed (Fig. 2 andB). A slowly increasing in-



142 K.J. Rennie and M.J. Correia: Permeation Properties of Hairlcell

A and the [K],,was 5 or 10 m (filled symbols) or 20 m
(open symbols).
Outward currents with (N3, activated rapidly and
- L inactivated more slowly (Fig.A8). Inactivation followed
a monoexponential time course whose time constant de-
0125 creased with depolarization (example fits to current
E records are indicated by the open symbols in Figy).3
13 ] 1 Figure B shows the mean inactivation time constants of
currents with (N);, (gray bars) compared to those with
(KM (unfilled bars). Inactivation was faster with
B C (Na"),, (statistically significant differences are indicated
° by the asterisks). The maximum amount of inactivation
1= with (K™),, was about 35%r(ot showi), whereas with
@ o (Na");, some currents showed complete inactivatiseg(
Yo Figs. 3A and &A).
vos L= Activation kinetics for the inward currents were
v similar between (N§,, and (K"),, conditions and the
0.001 | v role played by external Kin the generation of these
- currents was investigated. FigurA g¢hows that removal
0 5'0 ] 80 100 -80 -60 -40 -20 of external K resulted in a marked reduction of both
Step potential (mV) inward (Fig. 4A2) and outward (Fig. A1) currents in
cells patch clamped with (Nj,. Similar results were
Fig. 2. Inward currents in a type | cell loaded with Nians. Electrode ~ S€en when the main pipette cation was 6sN-methyl-
solution included 137 m Na* and [K'],,was 5 m. (A) At potentials ~ D-glucamine ot showi). The membrane currents in re-
above approximately =90 mV, a slowly developing inward current W&Ssponse to Vo|tage ramps under the differeﬁtdgncen-
apparent. Activation and inactivation of the current became faster wittyations are shown for the same cell in Fid3.4These

depolarization. In this cell the membrane potential was held at -113 -
mV and stepped to ~83, ~63, ~44 and ~25 mV. Zero current level inresults suggested that both inward and outward current

this and subsequent figures is represented by the interruptedBihe. ( components were C.amed by, or depended Upon', the pres-

The activation of the inward current iwas fit with Eq. 1 and shown ~ €nce of external Kions and were not due to Naons

for the step to —44 mV (raw data represented by symbols and the fit bypermeating through the channel as has been described in

the solid line). In this case = 4 produced the best fir(= 16 msec).  certain other K channels (Korn & Ikeda, 1995; Kiss et

© Activatio_n time constants for inward currents fi.tt_ed with Eq. 1 are g|,, 1998). The relationship between the externdl K

shown for different cells_ unde_r a variety of conditions; open circles concentration and membrane resistance of type | hair

(K*)n and 20 m [K oy filled circles (K, and 10w [K oy, filled oo ot0n_clamped with (N3, was further investigated

triangles, (from the cell shown iA), (Na");, and 5 mu [K*],,, open ! . . AL

squares (C3,, and 20 nw [K ‘], and filled squares (C}, and 5ru  @nd is shown in Fig. @ (filled symbols). Membrane

[K*]oue The order of the best fit in all examples shown, with one resistance was closely correlated with externaldén-

exception, was 1 at the most hyperpolarized potential shown and incentration, with high concentrations of external ke-

creased with depolarizing steps to a maximum value of 4. For the celsulting in minimal values for membrane resistance.

represented by the filled triangles, the order of best fit was 2 at =83 mV.gjmilar results were seen in cells patched with +ogs
when Nd was the major extracellular cation and the
external K was varied (open symbols, FigCt How-

ward current was first seen at potentials ab@ve€90  ever, in symmetrical Cs when (C3),, was the pipette

mV. Activation of the inward current became faster andsolution and external Kand N& were replaced with

the current began to inactivate with larger depolariza-Cs", the mean membrane resistance at —70 mV was 19.2

tions (Fig. 2A). Peak inward current was typically seen + 3.8 M) (n = 8, data not showp This confirms pre-

at potentials between -60 and -80 mV and the peakious observations thdy, is significantly permeable to

amplitude was 2.6 £ 1.6 nA in 5mK" (mean +sp, N Cs' (Rennie & Correia, 1994; Rach & Eatock, 1998).

= 24). Reversal of the current typically occurred at po-However, as shown below, €Csand K" permeability

tentials between —-50 mV and -20 mV. The activation ofthroughl,, channels are not independent.

the inward current was fit with Eq. 1 as shown in the

example of Fig. B. As seen in R-filled cells, the order

of best fit increased with increasing depolarization.K™ LOADING AND DEPLETION IN CONDITIONS

Time constants for activation of the inward currents wereOF (Na)in[K Tout

similar under a variety of different ionic conditions and

are shown in Fig. €, where the electrode solution was Typical protocols involved holding the cell at a hyper-

(KM, (circles), (N4),, (triangles) or (C¥),, (squares) polarized potential and stepping to increasingly less

0.1 1

Current (nA)
Tau (s)

0.01 1

Time (ms)
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A B

10 1
Fig. 3. Inactivation of outward currents in type |
cell loaded with Na ions. @) The outward
currents rapidly reached a peak value then decayed
over the duration of the pulse. Raw data (solid
lines) are shown superimposed on
monoexponential fits to the outward currents (open
symbols, every 15th point shown), with increasing
depolarizations tau= 1.22, 1.02 and 0.74 sec.
Cell was held at -92 mV and stepped to -34, -16
and +1 mV. B) A histogram showing mean
inactivation time constants (tau) of the outward
current for (N&),, (grey bars) and (K);, (unfilled

7 B bars) in the presence of 2urexternal K. The

10 0 10 20 Meant 1sp for 3-5 cells is shown and

. statistically significant differences are indicated by
Step potential (mV) * (unpairedt-test,P < 0.05). Bin width is 10 mV.

Tau (s)

0.125s

'92J - 50 -40 -30 -20

-3
A1 B Fig. 4. Effect of changing external Kon whole
150 -100 /50 cell currents with no K present in the patch
: A= [0 electrode solution.A) In normal extracellular
mV oppm— .
o K+ solutlon_ (_[K*]Out = 5 mm) and (Na),, a
depolarizing step evokes a large outward current
which rapidly reaches a peak value and then
decays A1, current at holding potential indicated
-6 by dotted line). Following removal of external
K*, the same step evokes a reduced current
— {3 5K* nA | o whose peak value is less than 10% of the control
-97 peak value. The inward current in normal
A C 100 - extracellular solution is virtually abolished in 0
2 K* (A2). (B) Ramp protocols from the same cell
shown inA in the presence and absence of K
Each trace represents the average of 8 stimulus
presentations.d) Membrane resistance as a
function of external K with (Na*),, or (Cs),, as
the electrode solution. Each filled circle
represents the meansb for between 4 and 11
cells with (Na),, (regression indicatea? =
] 0.996) each unfilled circle represents the mean +
0~ T T sp for 4-5 cells with (Cs),. Membrane
01 1 10 resistance was measured in voltage clamp as
[K*lout (mM) described in Materials and Methods.

4nA 5K*

200 msec

@
(<)
1

@
o
)

»
o
!

97 -87

Membrane Resistance (MQ)
N
o

negative potentials. This resulted in inward surrents  denced by the large tail currents. Presumablyaécu-
(Fig. 2) and then inactivating outward currents at moremulated inside the cell at the negative holding potential
depolarized potentials (Fig. 3). In other experimentsthen left the cell during the depolarizing voltage step.
cells were held at a hyperpolarized potential whige  This hypothesis was further tested by increasing the fre-
was not active and given a series of large depolarizingjuency of voltage steps. When the stimulus frequency
pulses of the same magnitude. Using a repetition rate ofvas increased to 10 pulses Skccurrents increased

1 pulse sec, the first step in a series consistently re- gradually to a maximum value during repeated steps
sulted in a minimal current associated with a large in-(Fig. 5B). This suggested that during initial steps there
ward tail current (Fig. B). Subsequent steps to the samewas less intracellular accumulation of Ketween pulses
voltage produced outward currents that rapidly reached and therefore less outward current during depolarizing
peak value followed by a slower decline (Figd)5 This  steps. The outward current increased in size with re-
suggested that Kwas entering the cells following return peated voltage steps until equilibrium was reached (Fig.
to the holding potential (while the channels were still 5C). Following several seconds at a holding potential of
open and the driving force for Kwas greatest), as evi- —97 mV, the instantaneous zero-current potential mea-
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K* CURRENTS ARE CARRIED THROUGH DELAYED
RECTIFIER CHANNELS IN THE PRESENCE OF
INTRACELLULAR Na*

The source of K for both the inward and outward cur-
rents therefore appeared to be the external solution. The
negative activation range and characteristic kinetics sug-
gested that the current was carried throlighchannels.

To further test this, the effect of 4-aminopyridine (4-AP),

a known blocker of delayed rectifier currents in type |
hair cells (Rennie & Correia, 1994; BRch & Eatock,
1996), was investigated. FigureA6demonstrates the
effect of 4-AP on currents evoked wher M/as present

£ 15 - externally, but not included in the patch electrode solu-
e tion. Control current (left), current during exposure to 2
E 1.0 mm 4-AP (center) and recovery (right) are shown. The
T I-V plot in Fig. 88 shows the effect of 4-AP over a range
S 05+ of potentials in the same cell. Both inward and outward
I currents are greatly reduced in the presence of 4-AP.
s 0.0 1 Similar results were obtained in a total of 3 cells patch-
5 clamped with (N&);, and exposed to 4-AP, with >80%
= 03 ‘ I ' ' block of the peak current seen at potentials between —-10
0 4 8 12 16 and 0 mV. These results confirmed that inward currents
Test pulse number were through delayed rectifier channels and were not due

to calcium or inward rectifier currents.

Fig. 5. Intracellular accumulation and depletion of Huring repeated ; ; _
pulses in Na-loaded cells.4) Cell was held at -97 mV and given a 70 External K" therefore plays a major role in the gen

mV depolarizing voltage step four times. During the first step only a er_atlon Of_ the Iarge _Cl_”rents see_n in cells patch clamped
small inward current was apparent but a large tail current was preserfVith solutions containing Na Owing to the presence of

on stepping back to the holding potential. Subsequent steps evokedelayed rectifier conductance, the specific membrane
rapidly activating and inactivating currents. The initial depolarizing conductance of type | cells can be as large as 50 nS/pF
puls_e presumably opened‘delayed rectifier ch_ar?nels aIIowing_inﬂux(Rusch et al., 1998). Even in the absence d&fiK the

and intracellular accumulapon of'Kons. The declining f:urrent during patch electrode solution it appears that significant intra-

the next step could be attributed to egress and depletiorf &foih the cellular Ioading of cells with K can occur. At potentials

cell's interior. K" appeared to accumulate inside the cell between voIt-b d his loadi |
age steps. Holding current eventually returned to its initial value as etween —90 and -50 mV this loading occurs as a result

shown inB. (B) The frequency of voltage steps was increased 10-fold Of K™ entry throughl, channels.

and the step duration decreased. Outward currents and tail currents

increased gradually with repeated voltage steps. A stimulus artifact was

present at the onset of the pulse traid) The increase in peak outward Cs" PERMEABILITY

current in response to repeated voltage steps is shown for 3 cells. The

voltage_ protocol used is shown B Currer_n values (mean <p) were Na' did not permeate through, channels under any of

normalized to the_ maximum value obtglned for each_ cell durlng thethe conditions tested, but type | cells showed significant

protocol. The solid line represents a fit to the equation for a single . . .

exponential. In the experiments shown the electrode solution waspermeab'“ty to C8in the absence of K(Flg. 7A)' The

(Na"),,, and [K']yy Was 5 . instantaneous component and deactivation of the current
below —100 mV recorded under symmetrical*@endi-

sured in current clamp in this cell was —29 mV. After tions are typical of, (Fig. 7A). When C3-loaded cells

several seconds at a holding potential of +12 mV, thewere exposed to external solutions containing mixtures

zero-current potential was +6 mV. This shift in zero- of Cs" and K', a reduction in inward current was ob-

current was reversible and presumably occurred as a reserved. Figure B shows inward currents from a cell in

sult of the changing K distribution @ata not shown 0 and 20 mm [K™],, in the presence of internal and

In summary, the simplest explanation for the resultsexternal CS. The |-V relation for the steady-state cur-

shown in Fig. 5 is that Kenters the cell through delayed rents from the same cell is shown in FigC.7 The inward

rectifier channels, accumulates sufficiently to produce acurrent activates at potentials abov&00 mV and cur-

substantial change i, and then carries outward current rents in 20 nw K* (open symbols) are consistently

during subsequent depolarizations. The “inactivation” ofsmaller than currents recorded in the absence of external

the outward current could then be due to depletion ofK™ (filled symbols). The slope conductance, relative to

intracellular K. the conductance in the absence dt s plotted for dif-
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4 -
B @ Control Fig. 6. Sensitivity of the K current to 4-AP in
Na*-loaded cells. &) Control current (left panel),
2 A 2 mM 4-AP current in the presence of 2um4-aminopyridine
v Recovery (4-AP, center panel) and current during recovery

(right panel) in response to a voltage step are
shown. B) Current-voltage relation showing
control (filled circles), current in the presence of 2
mm 4-AP (filled triangles) and recovery (open
triangles). Peak currents were measured. 4-AP
reduces both inward and outward current
components. The identity of the conductance
remaining in the presence of 4-AP is not known,
but since it reversed close to 0 mV it may be a
4 - leak conductance.

r T T T T 1

-160 -120  -80 -40 0 40
Voltage (mV)

Current (nA)
o
1

1
N
1

ferent concentrations of external’kn Fig. 7D. As the  lkeda, 1993; Callahan & Korn, 1994; Kiss et al., 1998).
external K concentration was increased the conductancén certain delayed rectifiers a cationic current was re-
values first decreased and then increased to a maximumorted when intracellular Kwas lowered to concentra-
in an external solution containing 155nK™* and 5 nu tions below 30 mn (Korn & Ikeda, 1995; Block & Jones,
Cs" with (Cs"),, (Fig. 7D). The results indicate an 1997). In contrast, Shaker B channels entered a col-
anomalous mole fraction effect (Hille, 1992). lapsed state following membrane depolarizations in the
absence of internal and external’ KGomez-Lagunas,
1997). None of these mechanisms adequately explain
Discussion our results obtained frory, channels under a variety of
different ionic conditions.l, channels did not show sig-
nificant permeability to N§ since there was very little
Na" Does NoT PERMEATE |, CHANNELS current in the absence of 'Knith (Na'),..
The inward currents observed between —40 and —-90
We have investigated the behaviorlgf under a variety mV with (Na");, and (CS),, are due to K entry. The
of ionic conditions and shown that even wherd I  outward currents above —40 mV with (Ng also appear
absent from the patch electrode solution, large currentto be carried by K suggesting that intracellular'evels
can be recorded from isolated type | hair cells whenmay rise by several m as a result of K entry and
external K is present. These currents appear to be caraccumulation. Indeed the instantaneous zero-current po-
ried by K" through delayed rectifier channels, since theytential following a prolonged hyperpolarization was
are kinetically similar to currents observed under normalmuch more negative than that following a prolonged de-
K™ conditions, they do not occur in the absence of ex-polarization. If we consider a type | cell simply as a
ternal K" and are blocked by 4-AP. cylinder of length [) of 25.4 um and an average radius
Some neuronal K channels become highly permeantr) of 2.9 um (based on length, cuticular plate and cell
to Na' in the absence of external and interndl ®hu & body measurements of pigeon type | hair cells, Ricci et
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Fig. 7. Cs" blocks and permeates the delayed rectifier chan#gl. (
Currents recorded in near symmetrical"@ K*) conditions. Cell was
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A similar example of “K-loading” has been ob-
served in Miier cells of the guinea pig retina (Francke et
al., 1995). Like type | hair cells, Mler cells have a very
low input resistance (10-20()) owing to a resting K
conductance and when patch electrodewas replaced
by NMDG and/or C§, outward K currents were still
observed in the presence of Sunexternal K. However
K* entry in Muler cells was through a Kselective in-
ward rectifier. K entry into type | hair cells appeared to
be througH ,, since the current activated above —90 mV
and was blocked by 4-AP.

Cs" PERMEATES AND BLOCKS |\, CHANNELS

Most K" channels are impermeant todsut exceptions
include theA current in guinea pig laterodorsal tegmental
neurons (Sanchez, Surkis, & Leonard, 1998), a delayed
rectifier in chick dorsal root ganglion neurons (Trequat-
trini, Petris & Franciolini, 1996) andl, in mammalian
and avian type | vestibular hair cells (Griguer, Sans &
Lehouelleur, 1993; Rennie & Correia, 1994;Rh &
Eatock, 1996). The permeability ratioP-4Py, in all
three cell types was approximately 0.3. The cloned de-

held at -64 mV and stepped through a range of potentials. The restinb’?‘ye_d reCtiﬁe!’ Channe| KY2-1 became*Cp_Igferring fol-
conductance and deactivation of the current at potentials negative tHOwing substitution of His for lle at position 369. The

-100 mV are typical ofl,,. (B) Introduction of 20 nw K™ to the

external solution resulted in a reduction of the inward current. Re-

sponses to a voltage step in external solutions of 180 mv Cs" and
20 K*/140 mv Cs" are shown.€) Thel-V relation shows peak currents
in 0 K*/160 mv Cs" (filled symbols) and 20 K/140 mv Cs' (open
symbols). Records used for ti&/ relation were leak-subtracted)
Mixtures of external CYK™ result in a mole fraction effect. Each

mutated channel showed a greatly reduced sensitivity to
block by external TEA as compared to the wild type (De
Biasi, et al., 1993)1,, is also relatively insensitive to
external TEA (Rennie & Correia, 1994; "Beh et al.,
19967). Externally applied Cs has previously been
shown to block inward currents throudh, (Rennie &

symbol represents the mean value from 3-6 cells with each cell proCorreia, 1994; Rsch & Eatock, 1998) and we report

viding data for at least 2 points at 1, 20, 100 and 156 emternal K.
Total concentration of Kand C$ in the external solution was 160vm
Slope conductance was estimated from ramp protosaleNaterials
and Methods) and normalized to the value in external 16000s™*
(dashed line). Electrode solution was {§sfor all cells.

al., 199D), then the volume of the cell bodyr(?h) is
equivalent to 6.7 x 10° 1. A reversal potential change
of —29 to +6 mV (measured in the cell shown in Fig. 5)
is predicted to change the intracellulaf Kolarity by 12

mm using the Nernst equation (assuming the membran

is permeable only to K. The change in the number of
moles of K" ions inside the cell will then be 8.0 x 1.
By Faraday’s constant( 9.648 x 16 C mol?) this
gives a net charge of 7.7 x 18§ C. Over a time period

here an anomalous mole fraction effect in mixtures of
external K and C$. The competitive interaction be-
tween these two ions within the channel results in a
minimum conductance and indicates a multi-ion pore.
Anomalous mole fraction effects have been reported for
many K" currents including Keq), inward rectifier and
delayed rectifier (Hagiwara et al., 1977; Eisenmann, La-
torre & Miller, 1986; Block & Jones, 1996, 1997; Yool
& Schwarz, 1996; Trequattrini et al., 1996), but were
absent for M currents (Block & Jones, 1996). Recent
gvidence suggests that competition within tHeckannel
pore for binding sites is an important determinant of
ionic selectivity (Korn & Ikeda, 1995).

KINETICS

of 1 sec this would be equivalent to a steady current flow

of 7.7 x 10* A, several orders of magnitude less thanCurrents carried through delayed rectifier channels have
the currents reported here. Despite the low resistance afomplex activation kinetics. For example, outward de-
the patch electrode(2 mQ)) and the small size of these layed rectifier currents in bullfrog sympathetic neurons
cells, which should result in a rapid dialysis of intracel- have been fit with Hodgkin-Huxley-type kinetics with an
lular solution by the patch electrode solution, it thereforeorder of 2 or 3 producing the best fit, but better fits were
seems feasible that relatively high concentrations 6f K obtained with other kinetic schemes and an allosteric
could be achieved at a site adjacent to the channel. model gave the best overall fit (Klemic, Durand & Jones,
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1998). The activation kinetics of outward current References
through type | hair cell delayed rectifier channels have
previously been fit with the sum of two exponentials ®*'"*"“ _ o o

- e inhibits and shifts the activation curve of the delayed rectifier (IK1)
(RUSCh & Ea‘.:OCk.’ 19926’ Rusch et al., 1998)_ Or_ HOdg- of type | mammalian vestibular hair cellsleuroreport8:2687—
kin-Huxley kme_zﬂc; Wlth_an order of 1 (Rl(_:Cl et al., 2690
1996) The activation of inward currents carried throughB|ock’ B.M., Jones, S.W. 1996. lon permeation and block of M-type
I, were fit reasonably well with a first order scheme, but  and delayed rectifier potassium channélsGen. Physiol107:473—
kinetics became increasingly complex with increasing 488
activation of the current. Kinetic behavior of the inward Block, B-M., Jones, S.W. 1997. Delayed rectifier current of bullirog
currents was similar with K Na* or Cs" in the patch sympathetic neurons: ion-ion competition, asymmetrical block and

. h . effects of ions on gatingl. Physiol.499:403-416
electrode solution, suggesting that under these d|fferer}r:a“ahan’ M.J., Komn, S.J. 1994. Permeation of Maough a delayed

Behrend, O., Schwark, T., Kunihiro, T., Strupp, M. 1997. Cyclic GMP

conditions currents were consistently through rectifier K* channel in chick dorsal root ganglion neurodsGen.
Inactivation of outward currents with (N, fol- Physiol.104:747-771

lowed a monoexponential time course as reported previcorreia, M.J., Lang, D.G. 1990. An electrophysiological comparison of

ously for (Cg*)m and (K*)in (RUSCh & Eatock, 1995), solitary type | and type Il vestibular hair cellleurosci. Lett.

but whereas complete inactivation was often seen with 116106-111 _ " _
(Na+)m’ only [U0% inactivation of the current was seen Correla,_ M.J., R!CCI, AJ Rennie, KJ 1996. Fl_ltermg propgrtles of
. + L . . vestibular hair cells: an updaté: New Frontiers of Vestibular
W'th (K )ir] ur_]der similar Cond'“F’T‘S- The relatlvely Research. B. Cohen and S. Highstein, editdrm. N.Y. Acad. Sci.
rapid inactivation under (N3, conditions appears to be 781138-149
due to depletion of internal K De Biasi, M., Drewe, J.A., Kirsch, G.E., Brown, A.M. 1993. Histidine
substitution identifies a surface position and confers €edectivity
on K* pore.Biophys. J65:1235-1242
Eisenman, G., Latorre, R., Miller, C. 1986. Multi-ion conductance in
the high-conductance &aactivated K channel from skeletal
muscle.Biophys. J50:1025-1034

A consistent pattern has emeraed across species arl]:aancke, M., Pannicke, T., Reichelt, W. 1995. Repetitive depletion and
P g p recovery of intracellular K in retinal Muller glial cells during

vestibular end organs in which type I hair cells express a ynole-cell voltage-clampJ. Neurosci. Meth61:169-184

low voltage-activated K channel present at high cur- Goldberg, J.M. 1996 Transmission between the type | hair cell and its
rent density (Correia & Lang, 1990; Griguer et al., calyx ending.In: New Frontiers of Vestibular Research. B. Cohen
1993; Rennie & Correia, 1994; Roh & Eatock, 199&; and S. Highstein, editor&nn. N.Y. Acad. Sci81:474-488
Goldberg, 1996; Ricci et al., 1996; Oghalai et al., Goldbgrg, J.M. 1996 Theorgtical analysis pf intercellglar commuqi-
1998). I, has an unusually negative activation range jf"‘t,lloe”u:’:;‘r’]";se;gl;g‘:’l‘;isztﬂ“;g;type I hair cell and its calyx ending.
and may equip type | hair cells with a low sensitivity, but

. Gomez-Lagunas, F. 1997. Shaker B &nductance in Nasolutions
fast frequency response (Rennie et al., 1998sdRu& lacking K" ions: a remarkably stable non-conducting state produced

CONCLUSION

Eatock, 1998). It is likely that the basolateral mem- by membrane depolarizations. Physiol.499:3-15

brane of type | hair cells is exposed to dramatic concenériguer, C., Sans, A., Lehouelleur, J. 1993. Non-typic&lddrrent in
tration changes of ions, notably*Kduring stimulation cesium-loaded guinea pig type | vestibular hair célffluegers
(Goldberg, 1998,b). An increase in external Kduring Arch. 422:407-409

depolarization of a type | hair cell could therefore lead toHagiwara, S., Miyazaki, S., Krasne, S., Ciani, S. 1977. Anomalous

a decrease in membrane resistance and a smaller mems- permeabilities of the egg cell membrane of a starfish fRTH"
mixtures.J. Gen. Physiol70:269-281

brane rgsponse to further stimuli. A vast d'VerS'ty within Hille, B. 1992. lonic Channels of Excitable Membranes. Sinauer As-
the family of voltage-aged Kchannels has become ap-  sociates, Sunderland, MA
parent over the last decade and in many systems thess, L., Immke, D., LoTurco, J., Korn, S.J. 1998. The interaction of
molecular structure and biophysical characteristics of a Na" and K" in voltage-gated potassium channels. Evidence for
particu'ar K channel can now be reconciled with its cation binding sites of different affinityl. Gen. Physiol111:195—
physiological function (reviewed in Robertson, 1997). 206 o
The molecular identity of,, remains to be ascertained, K'em'c' K.G., Durand, D.M., Jones, S.W. 1998, Activation kinetics of

. . . . e delayed rectifier potassium current of bullfrog sympathetic neu-
but knowledge of its permeation properties, such as IS ons. 3. Neurophysiol79:2345-2357
anomalous mole fraction behavior with Cshould aid Korn, S.J., Ikeda, S.R. 1995. Permeation selectivity by competition in
in its determination. a delayed rectifier potassium chann®tience269:410-412
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